The investigation has been carried out by treating 1 m 3 /day of livestock wastewater for 9 months. The biological process is composed of two reactors connected in series. Each reactor has been designed to stimulate the growth of Bacillus sp., spore-forming aerobic or facultatively anaerobic bacteria. As a consequence, the population of Bacillus sp. is aptly increased via the cycle of sporulation, germination and proliferation. With a predominant growth of Bacillus sp., the microbial activity has been increased comparing to activated sludge based on the result of measuring specific oxygen uptake rate (SOUR). This process was able to remove nitrogen and phosphorus as well as organic matter efficiently. More than 98% of biochemical oxygen demand (BOD) and chemical oxygen demand (COD) were removed. In term of removing the total nitrogen (T-N), about 98% of this was reduced. On average, the T-N concentration in the feed was 3,270 mg/l but 74 mg/l in the effluent including 30 mg/l of nitrite and nitrate nitrogen. The total phosphorus (T-P) reduction averaged 87.5%. As a result, it would be advantageous to load this process in order to deal with high-strength wastewater.
Introduction
In general, wastewaters derived from stock farms including cattle, swine, and poultry are highly concentrated with nitrogen and phosphorus as well as organic matters. Thus, the quality of surface water and groundwater will be seriously deteriorated, if it is not adequately treated. Since about 95% of water utilized in Korea is currently being taken from surface water sources (Cho et al., 2000) , serious concern has been expended to minimize pollutants entering surface waters.
In rural areas, one of most effective pollutants increasing the degree of contamination on surface water quality is considered to be wastewater from the production of livestock. Although the quantity of livestock wastewater is small compared with that of municipal and industrial wastewater, its concentration of pollutants is 50-150 times higher than that of municipal wastewater. Moreover, large numbers of stock farms are located near the upstream region of national rivers. Consequently, environmental awareness has led to several investigations to reduce the release of oxygen-demanding organic matters and associated nutrients.
Anaerobic digestion is widely adopted to remove organic matter from high strength wastewater due to its relatively low sludge production and energy needs. However, the effluent from anaerobic digestion contains high concentration of ammonia which is not supposed to be discharged into stream or river because it depletes the dissolved oxygen concentration and causes eutrophication. Therefore, a nitrification and denitrification process must be combined in order to remove ammonia. In this case, an external carbon source is required to reduce oxidized nitrogen because of a low COD/TKN ratio in the digested effluent (Bernet et al., 2000) . A sequencing batch reactor (SBR) system has been often applied to treat piggery wastewater either in anoxic/aerobic conditions (Jern, 1987; Fernandes et al., 1991) or in anaerobic digestion (Masse et al., 1996; Zhang et al., 1997) .
Also, Ra et al. (2000) have used a two-stage SBR system consisting of anaerobic/aerobic and anoxic reactor to treat piggery wastewater. In many parts of USA and Canada, constructed treatment wetlands are used as one alternative in terms of intercepting and partially renovating wastewaters before they enter surface waters and percolate to groundwater (Knight et al., 2000) . Constructed treatment wetlands offer a low-energy cost. However, it requires an additional advanced treatment process to satisfy the desired water quality for the ultimate discharge.
This study attempts to explore the possibility of achieving simultaneous removal of organic, nitrogen and phosphorus in livestock wastewater by a novel biological method. This process has been developed to stimulate the growth of Bacillus species, spore-forming and aerobic or facultatively anaerobic bacteria. And a pilot-scale experiment was conducted to investigate the effect of the outgrowth of Bacillus sp. on the performance of the process. According to the experimental results, this apparently plays an important role in the treatment process of livestock wastewater as described in the following.
Methods

Process description
This process has been designed to stimulate the growth of Bacillus sp. which is known to be very resistant to many adverse conditions (Sneath et al., 1986) . One of most important characteristics is that they are able to sporulate under unfavorable conditions such as low nutrients and oxygen concentration which are essential for their growth. If not, Bacillus sp. are easily able to proliferate. While taking account of these characteristics, the design of the process was aimed at inducing the cycle of sporulation, germination and outgrowth of Bacillus sp. This encourages a predominant growth of them.
The configuration of the process is shown in Figure 1 . This process consists of the first and second reactor and both reactors are equally divided into four zones. The intensity of aeration is gradually decreased. In other words, 60-80% of total input is aerated into the first zones and the residual air is supplied into the last three zones with decreasing the amount of air. The concentration of dissolved oxygen was measured to be 1.2-2.0 mg/l in the first zone and 0.3-0.8 mg/l in other zones. As a consequence, the population of Bacillus sp. which are aerobic or facultatively anaerobic bacteria is aptly increased, while the growth of absolute aerobic and anaerobic bacteria is somewhat limited.
In order to maintain stable growth and population of Bacillus sp. in the process, a few sludge recycles and an aid for spore formation are necessary. As mentioned above, most Bacillus sp. is present as a spore in the fourth zone of the each reactor where insufficient amount of dissolved oxygen and nutrients remain. Thus, sludge recycles from the first and second clarifier must be carried out to bring them to the front of the reactor where a favorable environment is prepared for the proliferation. In the first reactor, as shown in Figure 1 , two recycles, an internal and sludge, are applied in the range of 2.0-3.0 (to influent flow rate) and 0.5-1.0, respectively. In the second reactor, however, only a sludge recycle (ratio of 2.0-3.0) is applied to maintain the mixed liquor suspended solids (MLSS) concentration. Additionally, in order to provide an adequate population of Bacillus sp. to the first reactor, some of them are recycled via sludge return from the second clarifier in the ratio of 2.0. And, to aid the spore-forming step, the mixture of several inorganic matters such as silica, magnesium, manganese and etc. has been daily added in proportion to the influent organic loading.
Pilot plant experiment
A pilot plant made of steel was designed to treat 1 m 3 of livestock wastewater per day. It was placed at C public livestock wastewater treatment plant in the northeastern part of Korea. The first (R1) and second reactor (R2) had an active liquid volume of ca. 15 m 3 and 5 m 3 , respectively. It was seeded with 15 m 3 of sludge obtained from a plant treating nightsoil wastewater. Each day, the strength of influent was increased. After the start-up and acclimatization steps, it was fed with livestock wastewater of which the characteristics are given in Table 1 . The influent was obtained from the equalization tank, where the primarily treated livestock wastewater was stored, in C treatment plant. Samples from each reactor were collected once a week.
Analytical methods
The following parameters were analyzed in both the influent and effluent of the process: chemical oxygen demand (COD), biochemical oxygen demand (BOD 5 ), nitrite and nitrate (NO X -N), total phosphorus (T-P), suspended solids (SS), volatile suspended solids (VSS) and alkalinity. These analyses were carried out according to Standard Methods for the Examination of Water and Wastewater (1992) . Total Kjeldahl nitrogen (TKN) and ammonia nitrogen (NH 3 -N) were determined using the Kjeltec Auto 1035/38 Sampler system (Tecator). Dissolved oxygen (DO) concentration and pH were monitored with YSI DO probe (Model 58 with 5905 BOD probe) and Toa pH meter (GST-2419C), respectively.
Results and discussion
Predominant outgrowth of Bacillus sp.
Observations of Bacillus sp. in the process. During the operating period, the sludge was routinely taken at each zone of two reactors to observe the forms of Bacillus sp. As shown in Figure 2 (a) and (b), Bacillus sp. form abundant branched filaments since sufficient amount of oxygen and nutrients is present for the proliferation. In the last two zones of R1, several endospores, as shown in Figure 2 (c) were observed. According to Bergey's Manual of Systematic Bacteriology, the form of the endospore and the shape of the spore-bearing mother cell, the sporangium, is characteristic feature of Bacillus sp. Finally, mature endospores released from the sporangium has appeared mostly in the last two zones of R2. Some of spherical and ellipsoidal spores have been observed in the forth zone of R1 as shown in Figure 2(d) . To enumerate the colony-forming units (CFU) of Bacillus sp., the agar media (0.8% nutrient broth, 0.8% glucose and 1.5% agar) was used. Throughout the experimental period, the number of Bacillus sp., which is the predominant genus of microorganism in the sludge, was counted in the range of 10 7 -10 9 CFU/ml.
Measurement of microbial activity. The oxygen uptake rate (OUR) represents the amount of oxygen per unit volume utilized per unit time by the available microorganisms. Hence, OUR reflects the extent of microbial activity in breaking down substrates and the specific OUR (SOUR) for a given sludge type has been widely used as an indicator of active cell biomass in aerobic cultures (Gaudy and Gaudy, 1988; Huang and Cheng, 1984) . In order to compare the microbial activity of a sludge from this process and activated sludge taken from other treatment plant, measurements of OUR were performed by filling a 300 ml BOD bottle with the addition of the sludge and nutrients, inserting the DO probe, and recording DO concentration as a function of time. On average, SOUR of the sludge was measured to be 30.9 mg O 2 /g VSS·hr whereas about 35% lower SOUR was obtained from the experiment using conventional activated sludge. This indicates that the increased microbial activity may result from the predominant outgrowth of Bacillus sp. in this process.
Overall performance of the biological process
The following shows the results from the operation of the pilot plant for approximately 270 days from October 1999 to June 2000. The study was carried out using wastewater taken from the outlet of the preliminary treatment process in the main plant. During the experimental period, water temperature and solid retention time was kept in the range of 18-28°C and 15-23 days, respectively. In the first and second reactor, the range of MLSS (MLVSS) was measured to be in the range of 9-11 (7-9) and 6-8 (4.5-6) g/l, respectively. Removal efficiencies for organic matters. The influent and effluent concentrations of BOD and COD, and removal percentages in the two reactors (R1 and R2) connected in series are shown in Figure 3 . On average, BOD (COD) concentrations of influent and effluent were 16,760 (32,500) and 33 (440) mg/l, respectively. And the removal efficiencies averaged 99.8 (98.0)% throughout the operating period. The organic matter reduction seemed to be less affected by varying loading rates since high-applied organic loads did not decrease efficiency drastically. The increased active biomass by means of predominating outgrowth of Bacillus sp. may contribute to such efficient biotreatability. More than 90% of BOD and COD was removed in the first zone of R1. This would indicate that a significant portion of biodegradable organic matter was utilized as a substrate during the proliferation of Bacillus sp.
Removal efficiencies for nitrogen. Figure 4 shows the relative in and out concentrations of T-N and the removal percentages in the process. The T-N concentrations in the feed ranged from 1,530-6,500 mg/l and averaged 3,270 mg/l. Of this, the concentration of nitrite plus nitrate was found to be less than 15 mg/l. On average, the effluent from the process contains 74 mg N/l with about 40% of the nitrogen present as organic nitrogen and ammonia nitrogen and 60% as nitrite and nitrate nitrogen. The temperature effect on T-N reduction was not observed within the range of 18-28°C. According to the profile of T-N in each zone (not shown), most of the nitrogen was removed within the first zone of R1 where the major portion of organic removal was observed. The mass balance except the required amount of nitrogen for cell synthesis would show a portion of overall loss of nitrogen. It can be assumed that the loss may be due to ammonia volatilization and/or simultaneous nitrification/denitrification. In this study, the former could be rarely achieved under the experimental conditions: the average pH (less than 7.7) and the aeration intensity in each reactor were relatively low. On the other hand, simultaneous nitrification/denitrification might have occurred in the zone. The reason is that alkalinity present in the influent was not sufficient for a complete nitrification: less than 50% of the alkalinity that was theoretically calculated for the oxidation of soluble ammonia nitrogen in the influent was fed. However, it had been observed that more than 90% of ammonia was disappeared with a slight decrease of pH while a portion of alkalinity and oxidized nitrogen (NO X ) remained in the first zone of R1. It can be inferred from the experimental results that aerobic and anoxic microenvironments are spatially distributed over the zone due to low oxygen diffusion. Thus, nitrification as well as organic oxidation occurs in aerobic environment. At the same time, the denitrification can be achieved in the environment, actually called the anoxic environment, where competition for oxygen occurs among microbial populations, especially Bacillus sp., due to limited oxygen supply as long as organic matter is present to be used as an electron donor. In order to examine the nitrogen elimination more closely, a batch test was performed using conventional activated sludge and the sludge from the process. Two reactors were run at same conditions: a temperature 26°C, pH-value of 8, oxygen content of 1.5-2.0 mg/l, and MLSS of 9,000 mg/l. And the raw livestock wastewater was fed to both reactors. Figure 5(a) shows that the concentration of total nitrogen was markedly decreased in the reactor filled up with the sludge from this process. In the other reactor, however, only normal nitrification was occurred. This might suggest that the presence of Bacillus sp. plays an important role in removing nitrogen, especially for denitrification. However, further specific investigations on the removal mechanism of nitrogen are needed to identify the pertinent issues between the predominant growth of Bacillus sp. and the nitrogen removal in this process.
Removal efficiencies for suspended solids and total phosphorus. In terms of removing suspended solids, the overall reduction percentage was 98.8% while the concentration of SS in the effluent was about 110 mg/l. Some of SS are being utilized by the bacteria and converted to microbial biomass. Anoxic zones followed by the aerobic zone discourage the growth of filamentous microorganisms, especially Bacillus sp., but encourage the spore formation, so that the sludge settling properties are improved in the final clarifier. T-P concentration in and out of the process ranged 116-1,770 and 23-287 mg/l with an average of 670 and 70 mg/l, respectively. The overall reduction in T-P was 87.5%. Generally, enhanced biological phosphorus removal is based on the selective enrichment of bacteria accumulating inorganic polyphosphate at alternative anaerobic and aerobic conditions (Ostgaard et al., 1997) . However, this phenomenon cannot be expected in this process. Thus, T-P reduction should be mainly due to the manufacture of new cell and incorporation in biofloc that would be finally discarded via wasted sludge. It is not easy to remove sufficiently COD, T-P and colour of the livestock wastewater with applying only the biological process in order to meet the quality goals in the clean region specified by the Ministry of Environment: BOD < 30; COD (chemical oxygen demand by manganese) < 50; SS < 30; T-N < 60; T-P < 8 mg/l as of 2000. Thus, chemical coagulation and activated carbon (carbonized coconut tree) treatment was selected as a post-treatment process for biologically treated livestock wastewater. The effluent was treated with some dosages of aluminium sulfate and polymer after pH adjustment using either H 2 SO 4 or NaOH. After settling, the top wastewater was finally treated by activated carbon. Consequently, the effluent quality from this system was low enough to satisfy the discharge standards in Korea.
Conclusions
A newly designed process with applying the gradually decreased aeration and an addition of inorganic matters in proportion to organic loading in the feed could enhance the predominant outgrowth of Bacillus sp. that were able to sporulate under unfavorable conditions lacking of oxygen and substrate but to proliferate under favorable conditions. The result of SOUR measurements showed that the microbial activity was relatively enhanced in the sludge containing a high population of Bacillus sp. compared to conventional activated sludge. Based on the results of pilot-scale testing, reductions in concentration from influent to effluent were found to be higher than 95% for BOD, COD, T-N and SS expect T-P (87.5%). Most of the reductions in concentrations occurred in the first zone of the first reactor, but the second reactor would be necessary to support the population of Bacillus sp. in the first reactor via sludge return. Keeping a high population of them is an important consideration for operating and implementing this process on farm.
